Female control of nonrandom mating has never been genetically established, despite being linked to inbreeding depression and sexual selection. In order to map the loci that control female-mediated nonrandom mating, we constructed a new advanced intercross recombinant inbred line (RIL) population derived from a cross between Arabidopsis (Arabidopsis thaliana) accessions Vancouver (Van-0) and Columbia (Col-0) and mapped quantitative trait loci (QTLs) responsible for nonrandom mating and seed yield traits. We genotyped a population of 490 RILs. A subset of these lines was used to construct an expanded map of 1,061.4 centimorgans with an average interval of 6.7 6 5.3 centimorgans between markers. QTLs were then mapped for female-and male-mediated nonrandom mating and seed yield traits. To map the genetic loci responsible for female-mediated nonrandom mating and seed yield, we performed mixed pollinations with genetically marked Col-0 pollen and Van-0 pollen on RIL pistils. To map the loci responsible for male-mediated nonrandom mating and seed yield, we performed mixed pollinations with genetically marked Col-0 and RIL pollen on Van-0 pistils. Composite interval mapping of these data identified four QTLs that control female-mediated nonrandom mating and five QTLs that control female-mediated seed yield. We also identified four QTLs that control male-mediated nonrandom mating and three QTLs that control male-mediated seed yield. Epistasis analysis indicates that several of these loci interact. To our knowledge, the results of these experiments represent the first time female-mediated nonrandom mating has been genetically defined.
Female control of nonrandom mating has never been genetically established, despite being linked to inbreeding depression and sexual selection. In order to map the loci that control female-mediated nonrandom mating, we constructed a new advanced intercross recombinant inbred line (RIL) population derived from a cross between Arabidopsis (Arabidopsis thaliana) accessions Vancouver ( and Columbia (Col-0) and mapped quantitative trait loci (QTLs) responsible for nonrandom mating and seed yield traits. We genotyped a population of 490 RILs. A subset of these lines was used to construct an expanded map of 1,061.4 centimorgans with an average interval of 6.7 6 5.3 centimorgans between markers. QTLs were then mapped for female-and male-mediated nonrandom mating and seed yield traits. To map the genetic loci responsible for female-mediated nonrandom mating and seed yield, we performed mixed pollinations with genetically marked Col-0 pollen and Van-0 pollen on RIL pistils. To map the loci responsible for male-mediated nonrandom mating and seed yield, we performed mixed pollinations with genetically marked Col-0 and RIL pollen on Van-0 pistils. Composite interval mapping of these data identified four QTLs that control female-mediated nonrandom mating and five QTLs that control female-mediated seed yield. We also identified four QTLs that control male-mediated nonrandom mating and three QTLs that control male-mediated seed yield. Epistasis analysis indicates that several of these loci interact. To our knowledge, the results of these experiments represent the first time female-mediated nonrandom mating has been genetically defined.
The process of pollination offers plants the opportunity to selectively breed. For example, in pollinations that include more than one pollen population, pollen often show differential siring ability. This process is called nonrandom mating. Although pollen may fail in pollinations because they are self pollen in an obligate outcrossing plant or pollen from a different species, we focus our studies on differential siring ability of compatible, conspecific mates (Hogenboom, 1973 (Hogenboom, , 1975 Williams et al., 1999; de Nettancourt, 2001; Husband et al., 2002; Wheeler et al., 2009; Meng et al., 2011; Nasrallah, 2011) . Nonrandom mating at this level has received intense interest for its potential to avoid inbreeding depression and its potential to be the result of sexual selection (Charnov, 1979; Mulcahy, 1979; Willson, 1979; Queller, 1983; Stephenson and Bertin, 1983; Willson and Burley, 1983; Marshall and Ellstrand, 1986; Mulcahy and Mulcahy, 1987; Cruzan, 1990; Quesada et al., 1993; Snow, 1994; Paschke et al., 2002; Skogsmyr and Lankinen, 2002; Stephenson et al., 2003; Armbruster and Rogers, 2004; Bernasconi et al., 2004; Lankinen and Armbruster, 2007) . Despite a long history of theoretical and experimental attention, very little is known about the underlying genetics that govern the process (Carlson et al., 2011) .
One challenge in understanding the genetics of nonrandom mating lies in its complexity, potentially involving multiple distinct pathways specific to either female or male tissues. Physiologically, postpollination nonrandom mating may be a result of intrinsic differences in pollen competitive abilities (male-mediated nonrandom mating). A number of experimental strategies have been employed to demonstrate male-mediated control of nonrandom mating. For example, experiments in radish (Raphanus sativus) found that some pollen sire more seeds than others in mixed pollinations across a range of maternal plants, demonstrating consistency of male function Ellstrand, 1986, 1988; Mitchell and Marshall, 1998) . More direct measures of male function, such as in vitro and in vivo pollen tube growth rates, verify variation in male function and demonstrable impact on nonrandom mating (Snow and Spira, 1991a, 1991b; Pasonen et al., 1999; Skogsmyr and Lankinen, 1999; Stephenson et al., 2001; Lankinen and Skogsmyr, 2002; Lankinen et al., 2009) . Finally, recent work in our laboratory has directly mapped the genetic loci responsible for the control of male-mediated nonrandom mating in Arabidopsis (Arabidopsis thaliana; Carlson et al., 2011) .
Alternatively, or concurrently, nonrandom mating can be the result of differential interaction between the female tissue and competing pollen populations or seeds (femalemediated nonrandom mating). Establishing the female role in nonrandom mating has been more challenging, as most study designs involve the deposition of pollen from multiple donors and thus include the confounding variable of pollen competition. Despite this challenge, a number of experimental strategies have been devised to explore the role of the female in nonrandom mating. For example, a number of studies demonstrate that maternal identity influences nonrandom mating patterns Ellstrand, 1986, 1988; Snow and Mazer, 1988; Johnston, 1993; Marshall et al., 2000; Carlson et al., 2009 Carlson et al., , 2013 . Studies have also established that manipulation of watering or nutrient regimes of maternal plants changes the patterns and magnitude of nonrandom mating (Marshall and Diggle, 2001; Shaner and Marshall, 2003; Haileselassie et al., 2005; Marshall et al., 2007) . These studies and others implicate the identity and condition of the female in the process of nonrandom mating. Despite a long history of research, genetic control of female-mediated nonrandom mating has never been demonstrated, and the identity of the genes involved remains unexplored.
In previous work, we developed a system in Arabidopsis to assay nonrandom mating and showed its utility for genetically mapping the loci responsible (Carlson et al., 2009 (Carlson et al., , 2011 . Pursuing the genetics of nonrandom mating in a largely selfing plant such as Arabidopsis provides both theoretical and practical advantages. First, outcrossing plants carry higher levels of heterozygosity that produce pollen populations that display different phenotypes because of segregating alleles. This complicates genetic analysis. Also, in outcrossing plants that carry genetic load, reproductive success is context dependent. Pollinations with self pollen or pollen from genetically similar plants often lead to poor reproductive outcomes. For example, in mixed pollinations in generally outcrossing self-compatible plants that include self pollen, self pollen often sire a disproportionally low number of seeds (Bateman, 1956; Weller and Ornduff, 1977; Bowman, 1987; Eckert and Barrett, 1994; Jones, 1994; Hauser and Siegismund, 2000; Teixeira et al., 2009 ), but other findings have been reported (Sork and Schemske, 1992; Johnston, 1993) . Thus, in outcrossing plants, gene variants that influence reproductive success, parental relatedness, and segregating heterozygosity all influence reproductive outcomes. Two of these factors are essentially eliminated by studying plant populations that have historically selfed. As outcrossing populations become increasingly self-fertilizing, they both lose heterozygosity, and their genetic load is purged Schemske and Lande, 1985; Lande et al., 1994; Byers and Waller, 1999; Crnokrak and Barrett, 2002) . This is the case for Arabidopsis, whose tested populations show relatively low levels of heterozygosity and little evidence for the early-acting inbreeding depression that is indicative of genetic load (Bakker et al., 2006; Bomblies et al., 2010; Platt et al., 2010; Carlson et al., 2013) . Thus, this system provides an excellent opportunity to identify and explore the genetic variation in differential reproduction that develops or persists in plant populations unrelated to inbreeding depression.
Using this system, we previously identified potential female control of nonrandom mating in mixed pollinations between Vancouver (Van-0) and Columbia (Col-0) accessions of Arabidopsis (Carlson et al., 2009) . When Van-0 and genetically marked Col-0 (Col-NPTII) pollen compete on Col-0 pistils, Col-NPTII pollen sire 43% of the progeny, while Van-0 pollen sire 57%. When these pollen compete on Van-0 pistils, Col-NPTII pollen sire 67.5% of the progeny, while Van-0 pollen sire 32.5%. This system offers us, to our knowledge for the first time, the opportunity to genetically define female-mediated nonrandom mating and map the loci responsible.
In order to genetically map female control of nonrandom mating, we constructed a new advanced intercross recombinant inbred line (RIL) mapping population derived from a cross between Van-0 and Col-0 accessions of Arabidopsis. RILs are powerful tools that allow highresolution genetic mapping of loci that direct complex traits. Each RIL contains chromosomes that are defined homozygous patchworks of parental DNA, in this case . By phenotyping these lines, we can statistically associate nonrandom mating and seed yield phenotypes with chromosomal regions. We chose these two accessions because (1) our previous experiments predict clear female control of nonrandom mating and (2) we have previously mapped male-mediated nonrandom mating controls using a Col-4/Landsberg mapping population (a population that does not display female control of nonrandom mating; Carlson et al., 2011) . Thus, this new population provides us the opportunity to map loci that control female nonrandom mating and investigate the degree of conservation of loci that affect malemediated nonrandom mating. We use this new mapping population to perform quantitative trait locus (QTL) mapping and identify multiple loci that direct both female-and male-mediated control of nonrandom mating and seed yield traits.
RESULTS

Marker Analysis and Map Construction
The initial advanced intercross RIL population was generated by four generations of intercrossing followed by seven generations of self pollinations. A total of 490 Van-0 3 Col-0 RILs were deposited in the stock center (CS37809). Segregation bias was observed in the Van-0 3 Col-0 lines by assaying marker pairs for their fit to Mendelian ratios for independent assortment, particularly with markers on chromosome 5 due to a high level (up to 75.1%) of Van-0 alleles in this region (data not shown). We selected 82 RILs for use in this study to remove allelic bias in our mapping population, as this can complicate mapping and future characterization of loci. Although a few single-nucleotide polymorphism (SNP) markers retained a bias in this set (most notably SNP5 on chromosome 1, SNP116 on chromosome 4, and SNP157 on chromosome 5), elimination of these markers had no effect on subsequent trait mapping. From this set of 82 RILs, a linkage map was generated (Fig. 1 ). This map contains 32 6 10 markers per chromosome and an average distance between the markers of 6.7 6 5.3 centimorgans (cM; Table I ). We detected no residual heterozygosity in this subset.
Variation in Phenotypes in Female-Mediated Nonrandom Mating and Seed Yield
Crossing the RILs separately as mothers and fathers provides independent assays for female and male controls in fertilization (Fig. 2) . To map female-mediated nonrandom mating, we performed mixed pollinations between Col-NPTII pollen and Van-0 pollen on virgin RIL pistils. By using parental pollen competitors on different RIL pistils, we expect that differential siring success will be the result of differing maternal genotypes, detectable as QTLs.
A total of 684 mixed pollinations were performed using pistils from 80 different RILs (8.6 6 1.7 mixed pollinations per RIL). We paternity tested the resulting 32,309 seeds to calculate the proportion of seeds sired by . Because of the nature of the data we collected, we were also able to analyze the number of live seeds (seed yield) from each pollination. The RIL pistils display a wide array of phenotypic variation for both female-mediated nonrandom mating (the proportion of seeds sired by Van-0 pollen) and seed yield traits (Fig. 3, A and B) . In nonrandom mating and seed yield, RILs displayed transgressive phenotypes that were both higher and lower than their respective parental lines. The average proportion of seeds sired by Van-0 ranged from 0.209 to 0.720. The average number of seeds per fruit ranged from 16.8 to 69.7.
We calculated broad-sense heritability (H 2 ) using the genetic (V G ) and error (V E ) variance components of a random-effects ANOVA, calculated as Table II) . The broad-sense heritability for femalemediated nonrandom mating is 0.21. The broad-sense heritability of female-mediated seed yield is 0.41. Spearman analysis indicates no correlation between these two traits (r 2 = 0.004, n = 684, P = 0.723).
Variation in Phenotypes in Male-Mediated Nonrandom Mating and Seed Yield
To map male-mediated nonrandom mating, we performed mixed pollinations between Col-NPTII pollen and RIL pollen on virgin Van-0 pistils (Fig. 2) . By using Van-0 maternal pistils and Col-NPTII pollen in mixed pollinations, we expect that differential siring success will be the result of differing RIL pollen genotypes, detectable as QTLs.
We analyzed 744 mixed pollinations from 81 RILs (9.2 6 1.7 per RIL). We assayed the paternity of the resulting 31,625 seeds to determine the proportion of seeds sired by the RIL pollen. Similar to female-mediated traits, the use of RIL pollen resulted in transgressive phenotypes for male-mediated nonrandom mating and seed yield phenotypes (Fig. 3, C and D) . The proportion of seeds sired by RIL pollen in mixed pollinations ranged from 0.221 to 0.738. The average number of seeds per fruit ranged from 3.3 to 57.3.
The broad-sense heritability of male-mediated nonrandom mating was estimated to be 0.274 (Table II) . The broad-sense heritability of male-mediated seed yield was 0.312. There was no significant correlation between these two traits (r 2 = 20.018, n = 744, P = 0.296; Spearman).
Mapping of Female-Mediated Nonrandom Mating Reveals Epistatic Interactions
We used the above data to perform composite interval mapping and identified four QTLs that direct femalemediated nonrandom mating (qFNRM1-qFNRM4; Fig. 1 ; Table III) . qFNRM1 is present on chromosome 1 and results in a roughly 3% decrease in Van-0 progeny in mixed pollinations when the Van-0 allele is present. It accounts for 3.4% of the variance of the trait. qFNRM3 is present on chromosome 5 and results in a roughly 3% increase in Van-0 progeny when the Van-0 allele is present. It accounts for roughly 7.2% of the variance of the trait. qFNRM4 is present on chromosome 2 and results in a 2.5% decrease in Van-0 progeny when the Van-0 allele is present. It accounts for 3.5% of the variance for the trait. Finally, qFNRM2 is present on chromosome 1 and has a smaller effect on mixed pollinations. Although this last peak was detected in our composite interval mapping, it was not significant by general linear model (GLM), possibly due to its strong epistatic interaction with qFNRM3 (see below).
Interestingly, composite interval mapping detected qFNRM2 as having an influence on nonrandom mating, yet the trait means of RILs carrying Van-0 or Col-0 alleles at this locus were similar (proportion of seeds sired by Van-0 pollen across RIL pistils was 47 6 12 when Van-0 was at qFNRM2 and 47 6 7 when Col-0 was at qFNRM2, respectively). Since there does not seem to be a simple additive effect of this trait, this suggests an epistatic effect between qFNRM2 and other loci. Indeed, the additive effect of qFNRM3 is completely dependent on Van-0 genotypes at the qFNRM2 locus (Fig. 4A) . When qFNRM2 is present as the Col-0 allele, qFNRM3 has little effect on nonrandom mating patterns. In contrast, when qFNRM2 is present as the Van-0 allele, a Van-0 allele at qFNRM3 results in a higher proportion of seeds sired by Van-0 pollen (Table III) .
Mapping of Male-Mediated Nonrandom Mating Also Reveals Epistatic Interactions
When we analyzed the proportion of seeds sired by RIL pollen in mixed pollinations on Van-0 mothers, four QTLs were identified on chromosome 1 (Fig. 1) for malemediated nonrandom mating. Since two QTLs using this assay on a different RIL population have already been identified, we adopted the convention of numbering these QTLs consecutively (Carlson et al., 2011) . Thus, the four QTLs we identify in this report are labeled qMNRM3 to qMNRM6. qMNRM3 had the largest effect, accounting for 12% of variance of the trait. Because qMNRM3 and qMNRM4 both decrease the proportion of seeds sired by RIL pollen when Van-0 alleles are present and they overlap in position on chromosome 1, we initially considered that they may represent a single locus. However, ANOVA indicated that there is a strong effect of qMNRM3 that is independent of qMNRM4 but masked by Van-0 genotypes (Fig. 4B) . When a RIL contains the Col-0 allele at qMNRM3, the Col-0 genotype of qMNRM4 increases the proportion of seeds by 8.7%. In short, containing the Col-0 allele at both these loci results in higher proportions of seeds sired. qMNRM5 and qMNRM6 were not significant via GLM.
Mapping of Seed Yield Traits
Five QTLs were identified for female-mediated seed yield from an analysis of seed yield from mixed pollinations between Col-NPTII and Van-0 pollen on RIL pistils (qFSY4-qFSY8, numbered consecutively after previously identified QTLs; Fig. 1 ; Table III ; Carlson et al., 2011) . qFSY4, qFSY6, and qFSY7 all decrease seed yield when the Van-0 allele is present by 2.56, 3.77, and 3.04 seeds per pollination, on average ( Fig. 1 ; Table III ). This accounts for 9.3%, 21.8%, and 12.8% of the variance of this trait. qFSY5 increases seed yield when the Van-0 allele is present by an average of 3.24 seeds per pollination, accounting for 15.2% of variance in this trait. qFSY8 showed no significant additive effect and thus was not included in GLM.
Three QTLs were identified as influencing malemediated seed yield using RIL pollen in mixed pollinations (qMSY2-qMSY4, numbered consecutively after previously identified QTLs; Carlson et al., 2011) . When In order to map predicted controls of female-mediated nonrandom mating in Van-0 and Col-0 accessions, we constructed an expanded linkage map from a new advanced intercross RIL population generated from an initial cross between Van-0 and Col-0 accessions. The map was constructed with a total of 164 SNPs, 76 of which were identified for this study. The relative length of the chromosomes in cM is larger than has been seen in maps with other populations (Lister and Dean, 1993; Alonso-Blanco et al., 1999; Loudet et al., 2002; Clerkx et al., 2004) . We note an unusually large amount of segregation distortion in our population, especially on chromosome 5. Chromosome 5 distortions have also been seen to a lesser extent in other populations (Loudet et al., 2002; el-Lithy et al., 2006; Törjék et al., 2006) . The basis for segregation distortion is unclear, partly because it could be the result of a number of different phenomena, including postzygotic selection, pollenpistil interactions, gamete competition, epistatic interactions, and/or seed abortion (Hormaza and Herrero, 1992; Li et al., 1997; Lord and Russell, 2002; Lu et al., 2002) . It is of interest that the phenotypes that we test in this paper, nonrandom mating and seed yield, both could result in segregation distortion and that three major effect QTLs reside in the distorted regions (qFNRM3, qFSY7, and qFSY5). We previously noted the colocalization of areas of segregation distortion in RILs and loci that affected male-mediated nonrandom mating and seed yield in our study of Columbia-4 (Col-4)/Landsberg erecta (Ler-0) RILs, further implicating these phenotypes as a potential cause of segregation distortion (Carlson et al., 2011) . Segregation distortion can lead to a RIL population with unequal sampling of alleles, which can complicate both the mapping of traits and the subsequent characterization of QTLs. To avoid this, we selected a subset of 82 lines to perform experiments for this report. All materials generated in this paper are available from the Arabidopsis Biological Resource Center (ABRC).
The Identification of Female-Mediated Nonrandom Mating
One reason nonrandom mating in plants has received intense interest is because it may result from sexual selection, either by male competition between pollen grains or female choice by maternal tissue (e.g. the "good genes" hypothesis of sexual selection theory; Charnov, 1979; Mulcahy, 1979; Willson, 1979; Stephenson and Bertin, 1983; Willson and Burley, 1983; Marshall and Ellstrand, 1986; Snow, 1994; Skogsmyr and Lankinen, 2000; Pasonen et al., 2001) . Unlike in animals, where the phenomenon is well established, the prospect of sexual selection remains controversial in plants for a number of reasons Lyons et al., 1989; Grant, 1995; Winsor et al., 2000) . As noted by Marshall et al. (2007) , two problems in particular are: (1) the extent to which nonrandom mating is a result of inbreeding depression and the degree of relatedness of the pollen donors with the maternal plants and (2) the difficulty of distinguishing pollen competition from female-mediated nonrandom mating. In this report, we use a plant system that does not display appreciable inbreeding depression to demonstrate, to our knowledge for the first time, unambiguous female genetic control of nonrandom mating.
In plants that routinely outcross, it has long been established that fertilization success in mixed pollinations is context dependent, with genetically related pollen often performing poorly. This is likely the result of deleterious recessive alleles (genetic load) pairing and negatively affecting embryo viability and/or the result of mate discrimination that evolves as a result of inbreeding depression (Bateman, 1956; Weller and Ornduff, 1977; Eckert and Barrett, 1994; Jones, 1994; Waser et al., 1995; Hauser and Siegismund, 2000; Teixeira et al., 2009 ). This aspect of nonrandom mating is less pronounced in predominantly selfing plants, likely because of reduced genetic load. In Arabidopsis, self pollen does not perform noticeably worse, and in some cases it performs better, than outcross pollen, and there is no correlation between reproductive success and genetic distances between pollen and maternal plants (Carlson et al., 2013) . Thus, predominantly selfing plants provide the opportunity to examine aspects of nonrandom mating separable from the effects of inbreeding depression.
The second issue in understanding nonrandom mating patterns is the difficulty of distinguishing between pollen competition and female-mediated nonrandom mating. Interpreting studies in female-mediated nonrandom mating is nontrivial, as study designs require the deposition of multiple pollen populations and thus include the confounding variable of pollen competition. A major advantage of a genetic approach to this issue is that female and male roles in nonrandom mating may be separately mapped, unambiguously identifying gender roles in differential mating. In a previous report, we identified potential female control of nonrandom mating in mixed pollinations between the Van-0 and Col-0 accessions (Carlson et al., 2009) . In order to define the genetics of nonrandom mating between these two accessions, we constructed a new mapping population developed from an initial mating between Van-0 and Col-0. By performing mixed pollinations using Col-NPTII and Van-0 pollen on RIL pistils, we identified four QTLs that direct female-mediated nonrandom mating.
This makes it clear that, even in a predominantly selfing system, the genetics of the maternal plant do influence what pollen are most successful in mixed pollinations. This is an important first step in identifying the genes that vary between populations that influence female control of nonrandom mating. Unfortunately, because there are few maternal genes known in the literature that affect the dynamics of pollen germination and tube growth, and none of these localized to QTLs, the construction of near isogenic lines coupled with fine-mapping will likely be needed to identify the responsible genes.
Comparison of QTL Positions with Previously Identified QTLs
The mapping of QTLs at similar positions for the same trait in different mapping populations raises the possibility that identical genes or alleles are causative in different populations. One reason we pursued mapping male-mediated nonrandom mating traits in Van-0/Col-0 RILs was to compare with the results of our previous mapping of male-mediated nonrandom mating in Col-4/ Ler-0 RILs (Carlson et al., 2011) . In both mapping experiments, we identified male-mediated nonrandom mating loci: two using the Col-4/Ler-0 RIL population (qMNRM1 and qMNRM2) and four using the Van-0/ Col-0 RIL mapping population (qMRNM3-qMRNM6). Interestingly, even though both RIL populations were constructed with the Col parental accession, the loci that affect male-mediated nonrandom mating in the two populations do not overlap, indicating a variety of genes in different populations of Arabidopsis that affect the dynamics of nonrandom mating. This may be because the male loci we isolated from these two populations could be affecting nonrandom mating in mechanistically distinct ways. For example, it is possible for male-mediated nonrandom mating to be influenced only by genes in the male (the paternal sporophyte, or male gametophyte). In essence, some pollen may be more competitive than others, regardless of the condition or genotype of the female where the competition takes place. This seems to be the case in Col-NPTII and Ler-0 mixed pollinations, where the identity of the female has minimal effect on the results of the competitions (Carlson et al., 2009 (Carlson et al., , 2011 . A single-sex effect is also possible in femalemediated nonrandom mating, in cases when female tissue might distinguish between pollen populations from paternal plants grown in very different environmental conditions. For example, it might be possible for female tissue to distinguish between pollen grown in drought conditions versus nondrought conditions, regardless of the genotype of the pollen. But for pollen from plants grown in very similar conditions, it is likely that female tissue influences pollen success based on pollen genotype. The Van-0/Col-0 RIL population reveals a sizeable female effect. And since the pollen for these mixed pollinations came from plants grown in identical environmental conditions, we hypothesize that some male nonrandom mating loci may be the mechanism that distinguishes sires during the femalemediated nonrandom mating. Thus, the mechanism of male-mediated nonrandom mating in the two RIL populations may be quite different.
Finally, relatively few studies have genetically analyzed the basis for seed yield (seeds per fruit) in Arabidopsis (Alonso-Blanco et al., 2003; Barth et al., 2003; House et al., 2010; Li et al., 2010) , and only one study has mapped the female and male contributions to these traits separately (Carlson et al., 2011) . Like malemediated nonrandom mating, the loci that affect femaleand male-mediated seed yield do not overlap with those previously identified (qFSY1-qFSY3 and qMSY1) in a study involving the Col-4/Ler-0 population (Carlson et al., 2011) .
CONCLUSION
Nonrandom mating has received theoretical and experimental attention for its role as a consequence of inbreeding depression and sexual selection as well as for its role in reinforcing reproductive barriers and speciation. Female control of this system has been hypothesized as necessary for sexual selection via female choice as well as choice mechanisms related to inbreeding, but it has never been genetically established. Here, we use a largely selfing species to demonstrate that, even in the absence of the influence of strong inbreeding depression, the genetics of the maternal plant differentially influence the success of pollen populations. We also identify loci directing male-mediated nonrandom mating and femaleand male-mediated seed yield traits. To do so, we generated a new population of advanced intercross RILs between Col-0 and Van-0 accessions. Further studies focused on the identification and analysis of allelic diversity, coupled with the dissection of the physiological mechanisms of nonrandom mating, will provide new insight into this widespread yet little understood phenomenon.
MATERIALS AND METHODS
Plant Growth
Arabidopsis (Arabidopsis thaliana) plants were treated in the following way. Seeds were imbibed and cold treated at 4°C for 3 d to break dormancy and promote uniform germination. For plants that require an overwinter to flower, plants were grown for 1 month before treating at 4°C for 6 weeks. Plants were grown in 4.5-inch pots with 10 plants per pot in Percival growth chambers (Percival Scientific). Plants were grown in Shultz premium potting soil, watered every second day, and fertilized (18-18-21 [for percentage of nitrogen, phosphorus, and potassium, respectively]) twice per week. Plants were subjected to 12 h of 130 mE fluorescent lighting at 22°C.
Generation of RILs
Seeds for accessions Col-0 (accession no. CS22625) and Van-0 (accession no. CS22627) were obtained from the ABRC (http://abrc.osu.edu/). The initial RIL population was generated by intercrossing 300 F2 lines (150 hybrids). Two seeds from each cross were planted, and the intercross cycle was repeated for a total of four generations. Subsequently, eight seeds were propagated from each intercross (1,200 lines), and these were self pollinated for seven additional generations to create inbred lines with loss due to sterility and/or disease. A total of 490 Van-0 3 Col-0 RIL lines were deposited in the stock center in 2006 (CS37809) and are formally described here. The lines and marker data (see below) are available through the ABRC. A subset of 82 lines was selected for mapping to avoid segregation distortion (see below).
DNA Extraction, SNP Genotyping, and Map Construction
Genomic DNA was extracted from the 490 original lines and parental lines using the DNeasy Plant Mini Kit (Qiagen). These 490 lines were genotyped at 149 SNP markers developed for a previous study (Platt et al., 2010) . Sixty-one of these markers showed no polymorphism between Van-0 and Col-0 parental lines. An additional 76 SNPs were identified, to generate the 164 total markers used in this study. Genotyping was performed using the Sequenom MassArray system at the University of Chicago Comprehensive Cancer Center DNA Sequencing and Genotyping Facility (http://cancer-seqbase.uchicago.edu/). To avoid segregation distortion in mapping, we selected 94 lines and reobtained them from the ABRC. When we verified their genotypes, we revealed a discrepancy with the initial genotype in 12 lines, which we eliminated from the study. The linkage map for the 82 Col-0/Van-0 RILs was constructed using Mapmaker/EXP version 3.0b (Lander et al., 2009 ) using the Kosambi mapping function. The final map was rendered with MetaQTL (Veyrieras et al., 2007) . This map contains 32 6 10 markers per chromosome and an average distance between the markers of 6.7 6 5.3 cM (Table I ). There was no detected residual heterozygosity in this subset.
Mixed Pollination Experimental Design
For mixed pollinations, Col-NPTII is a derivative of the Col-0 accession. Col-NPTII contains an intergenic kanamycin resistance marker between At1g28440 and At1g28450. Col-NPTII is an F2 homozygous T-DNA insertion mutant obtained from the SIGnAL project (GenBank accession no. BZ377762; . The presence of the kanamycin resistance marker allows for easy paternity testing of the progeny and does not change the competitive performance of the pollen grain. This was demonstrated in two ways. First, when Col-NPTII was crossed to Col-0 and the F1 was allowed to self-fertilize, the resulting progeny displayed the expected 3:1 segregation of NPTII-mediated kanamycin resistance (Carlson et al., 2009 ). This would not be the case if the NPTII gene influenced nonrandom mating phenotypes. Second, our mixed pollinations of Col-NPTII and Col-0 pollen on virgin Col-0 and Col-4 pistils show no statistical difference in the siring success of the two pollen types and do not differ from the expected 1:1 ratio in progeny (Carlson et al., 2009 (Carlson et al., , 2013 . This demonstrates both that the NPTII gene does not change the competitive ability of the pollen and that we consistently deliver roughly equal amounts of pollen during mixed pollinations.
Mixed pollinations were performed as described previously on the newly bolted primary inflorescences of maternal plants (Carlson et al., 2009 (Carlson et al., , 2011 . We emasculate buds during stages 11 to 12 of development and allow pistils to mature to stage 14 before performing pollinations (Smyth et al., 1990) . We harvest anthers from stage 14 flowers and choose two anthers from each paternal plant. We first apply pollen from the fixed pollen competitor accession (Col-NPTII) on half the available surface area of the stigma. We then apply pollen from the competing accession on the remaining surface area. We use saturating amounts of pollen (more than 500). We collect siliques and assay seed paternity by growing seeds on Murashige and Skoog medium containing 50 mg mL 21 kanamycin (Murashige and Skoog, 1962) .
Pollinations that yielded no live seed were excluded from subsequent analysis, as were any RILs that failed to yield at least three successful pollinations (defined as a pollination that yields at least one viable seed). A total of 1,611 successful mixed pollinations were performed for this study.
Statistical Analysis and QTL Mapping
Male-and female-mediated nonrandom mating and seed yield data fit a normal distribution. We partitioned phenotypic variance between RILs into genetic (V G ) and error (V E ) variance components in a random-effects ANOVA using SAS (SAS Institute). This was used to calculate broad-sense heritability (H 2 ) as follows: H 2 = V G /(V G + V E ). Phenotypic correlations were performed using a Pearson's correlation in SAS. Confidence interval mapping was conducted with Zmapqtl (QTL Cartographer version 1.17j; Basten et al., 2002) . The reported P value thresholds were calculated using the maximal log of the odds (LOD) scores from 10,000 permutations of trait data. The 2-LOD confidence intervals were derived from the identification of the nearest markers at which the LOD score for a trait dropped 2-LOD below the LOD maximum. QTL additive values and significance were estimated from a GLM including all detected QTL peaks (trait = m + b mrk1 3 Mrk1 + . + b mrkn 3 MrkN + «, where m = the population mean and « = residual error), with a crossed term added when epistasis was detected (JMP version 8.0.1; SAS Institute). Variance components were estimated with a restricted maximum likelihood method (JMP).
